Introduction
============

One of the longest standing questions in evolutionary biology is how phenotypic variation is maintained in evolving populations ([@evs084-B10]). Phenotypic variation within populations comes not only from genetic differences between individuals (G), but also from differences in the environments they experience (E). Moreover, individuals exhibit genetic variation in their degree of response to the same sets of environments (G × E). This population variation for plasticity has important implications for theoretical predictions of phenotypic evolution, introducing context-dependence to both phenotypic variation and selection ([@evs084-B65]; [@evs084-B58]; [@evs084-B54]). The nature of polymorphisms inducing plasticity and the molecular mechanisms underlying plasticity are still emerging ([@evs084-B11]), but genetic variation in plasticity may be assessed early in the chain of events linking genotypes to phenotypes by quantifying the amount of mRNA transcribed for a given gene ([@evs084-B3]). This underlying molecular variation has the potential to illuminate the action of selection and drift on phenotypic plasticity ([@evs084-B29]). Two questions fundamental to illuminating this action are addressed by empirical and theoretical studies focusing on variation in mRNA levels: first, how much variation in mRNA abundance arises from genetic differences, environmental context, and their interaction? Second, what does the distribution of this transcriptional variation across plastically and nonplastically expressed components of the genome imply about the forces maintaining it?

Previous empirical data suggest that genes exhibiting plasticity to environmental context also exhibit greater genetic variation within populations, as a joint consequence of both mutational and selective pressure. Genes whose expression is particularly sensitive to mutation were more likely to exhibit perturbed expression when other genes were deleted, and exhibited greater sensitivity to environmental perturbation ([@evs084-B43]). For instance, the presence of a TATA box in the promoter region is associated with high mutational variance in expression ([@evs084-B43]), as well as increased environmental plasticity and expression variation across species ([@evs084-B75]). Plastic genes tend to exhibit less stable nucleosome occupancy of the region upstream of their promoters ([@evs084-B73]; [@evs084-B84]), though divergence in nucleosome positioning does not always predict changes in expression levels ([@evs084-B74]; [@evs084-B79]; [@evs084-B31]). These structural and mutational properties link genes demonstrating plasticity and genetic variation. Mutational variation persists only when not eliminated by drift or purged by natural selection. Accordingly, genes expected to experience relaxed selective constraints, including genes with paralogs in the genome and genes that are dispensable to cell survival in rich conditions, tend to exhibit greater genetic variation for transcriptional plasticity ([@evs084-B44]). These empirical observations suggest genes exhibiting expression plasticity to also exhibit genetic variation within a population and genes exhibiting a high degree of plastic expression variation to be subject to relaxed selection.

The impact of network architecture on transcriptional variation is likely to be complex ([@evs084-B68]); however, considering population variation in the context of network structure and relevant environmental variation may permit elaboration of further hypotheses. [@evs084-B81] have proposed an explanation for the observation that plastically expressed phenotypes exhibit higher genetic variation. Their theoretical model captures a reduction in the strength of selection on plastic phenotypes in direct proportion to the frequency that a population experiences environments inducing the plasticity. [@evs084-B70] suggested the internal context of gene networks as well as the external environmental context to shape population variation: modular gene networks that are induced by a subset of environments and demonstrate little pleiotropy might experience relaxed selection. The hypothesis that network structure, network plasticity and environment frequency predict population variation generates testable genomic predictions where these factors are known. Support for this model has already been supplied by the discovery of greater gene expression divergence in genes expressed in discrete environmental contexts, such as quorum-sensing genes in bacteria, male-specific genes in facultatively sexual aphids, and genes specific to alternative morphs in horn-polyphenic beetles, than in constitutively expressed genes ([@evs084-B54] and references therein). Whether this framework can be usefully extended to explain population variation for a broader variety of continuous plastic phenotypes remains to be seen. Rarely encountered environments may sometimes impose stronger selection than common environments, limiting population variation at environmental extremes. Alternatively, functional redundancy for production of essential metabolites or gene products might facilitate maintenance of substantial population variation even for genes that are expressed in the most frequently encountered environments.

To assess gene expression variation present in natural populations and the differential expression response to a quantitative environmental variable, we examine the relationship between plasticity and population variation in the model budding yeast *Saccharomyces cerevisiae.* Gene expression plasticity is easily characterized in *S. cerevisiae,* and *S. cerevisiae* transcription factor networks are well studied ([@evs084-B91]). We examine growth and gene expression responses to a challenging range of concentrations of the metal copper. Copper is an essential cofactor in cellular processes including mitochondrial oxidative phosphorylation, superoxide anion detoxification, and iron metabolism, but extremely toxic when present in free form, to the extent that intracellular copper concentrations are maintained in the range of one free copper molecule per cell ([@evs084-B62]; [@evs084-B45]; [@evs084-B83]). *S. cerevisiae* genes differentially regulated in the S288c type strain immediately after an environmental shock have been categorized as belonging to a general environmental stress response (ESR), in which diverse environmental perturbations rapidly shift cell metabolism from investment in functions related to growth to those related to maintaining homeostasis ([@evs084-B20]; [@evs084-B13]; [@evs084-B21]). In contrast to the breadth of environments inducing the full ESR, the nutritional copper transcription factor Mac1 and copper toxicity transcription factor Ace1 are highly specific in their induction from initial shock through copper stress-acclimated growth---both are directly bound by copper ions and independently regulated by intracellular copper concentrations ([@evs084-B92]; [@evs084-B37]). In the absence of copper, Mac1 transcriptionally induces genes involved in copper import, including cell surface metal reductases Fre1 and Fre7 and copper transporters Ctr1 and Ctr3, whereas excess copper permits Ace1 to activate expression of copper-sequestering metallothioneins Cup1 and Crs5 ([@evs084-B92]; [@evs084-B14]; [@evs084-B80]; [@evs084-B64]). Historically, the use of copper as a fungicide in vineyards and in breweries also suggests copper to have been an important selective pressure in those environments ([@evs084-B18]). Indeed, laboratory selection for copper resistance produces tandem amplifications of *CUP1* ([@evs084-B19]; [@evs084-B85]), mimicking the independent amplifications of *CUP1* in the lineages leading to the current wine/European and sake subpopulations ([@evs084-B82]). Accordingly, substantial population variation exists for resistance to elevated copper concentrations ([@evs084-B82]), copper-induced colony morphology ([@evs084-B17]) and copper-induced gene expression ([@evs084-B17]).

To ascertain the extent and distribution of transcriptomic variation in G, E, and G × E, we profiled growth and genome-wide gene expression across a gradient of five copper concentrations for five *S. cerevisiae* strains. We summarized the population distribution of differences among samples varying by genotype and environment and performed analysis of variance (ANOVA) to partition these differences into G, E, and G × E variation. We associated patterns of expression plasticity with copper tolerance in growth rate. Finally, we calculated correlations among strains for transcription factor networks that vary in the breadth of the environmental conditions triggering them, revealing the degree of concordance across genotypes for transcription factor networks with varying centrality and specificity.

Materials and Methods
=====================

Strains and Culture Conditions
------------------------------

Strains were selected to sample the genetic, ecological, and phenotypic diversity known for *S. cerevisiae*([@evs084-B49]; [@evs084-B82]), including isolates originally derived from fruit (S288C, UWOPS03-461.4), soil (SK1), and vineyards (L-1528, Y55) and maintained as laboratory cultures for varying durations. Strains were autodiploids, and thus completely homozygotic outside the mating type locus, with exception for S288C, which was haploid. All cultures were grown in synthetic media mimicking wine must (SWM; [@evs084-B6]) to imitate ecologically relevant conditions and for comparison with previous analyses ([@evs084-B44]). A range of copper concentrations in SWM were assayed: 1) copper-deprived: SWM containing no copper at all (--Cu); 2) moderate copper: a base SWM containing the standard 0.04 mM CuSO~4~ (SWM); and three levels of 3) copper overdose: base SWM supplemented with 0.1 mM CuSO~4~ (0.1), 4) 0.25 mM CuSO~4~ (0.25), and 5) 1.0 mM CuSO~4~ (1.0). Copper concentrations were selected based on pilot experiments to encompass a range producing large genetic variation for growth ([supplementary table S1](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). To mimic natural conditions, copper starvation was induced through successive inoculations in media lacking copper, rather than using a copper chelator. Induction of the copper transporter Ctr1, which is highly expressed under conditions of copper deficiency ([@evs084-B23]; [@evs084-B14]), was used as confirmation that cells were starved for copper in the --Cu condition.

Fitness Assays
--------------

Strains were subjected to high throughput phenotyping by micro-cultivation (*n* = 2) as previously described ([@evs084-B82]). Briefly, strains were inoculated in 350 µL of SWM medium, with normal or zero copper, and incubated for 48 h at 30°C. Pre-cultures were diluted 35× to an OD of 0.03--0.15 in 350 µL of SWM and cultivated (*n* = 2) at 30.0°C for 72 h in a Bioscreen analyzer C (Oy Growth curves, Finland). Optical density was measured every 20 min using a wide band (450--580 nm) filter. Flocculation, which presents a serious issue to optical density measurement of liquid cultivations of wild yeast cells in higher cultivation volumes, was not observed. The population growth rate (population doubling time, *h*) was extracted from high-density growth curves and used as a proxy for fitness.

Microarray Experimental Design
------------------------------

Microarray experiments were performed to assay environment-specific gene expression during exponential phase growth for each strain. To ensure that cultures were captured in exponential phase despite differences in growth rate across copper environments, growth profiles of 200-ml test cultures were tracked over several days to identify optical density corresponding to early stationary phase growth. Optical density for harvest during exponential phase was then defined as one-half that of early stationary phase for each strain and environment combination. Replicate 200 ml cultures for RNA harvest were inoculated from copper-matched pre-cultures, grown aerobically to exponential phase (30°C, 150 rpm), then pelleted by centrifugation at room temperature (3,000 g for 4 min), flash frozen, and stored at −80°C. RNA was extracted with hot phenol--chloroform, followed by mRNA purification with oligo (dT)-cellulose columns (Molecular Research Center, Inc. Cincinnati, OH, cat. no. OT125) according to manufacturer's instructions, and storage at −80°C. Purified mRNA was reverse transcribed, labeled, and hybridized to genome-wide spotted cDNA *S. cerevisiae* custom microarrays based on the S288C reference sequence ([@evs084-B30]) as described in [@evs084-B77]. Samples were co-hybridized to yield a balanced, highly connected modified loop design such that every strain was directly hybridized to two cultures of the same strain in two different copper environments and to two other strains grown in the same copper concentration ([supplementary fig. S1](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online).

Gene Expression Analysis
------------------------

All microarray data were normalized as in [@evs084-B77] using the online tool supplied by the Filamentous Fungal Gene Expression Database ([@evs084-B90]). Normalized ratios for well-measured genes were analyzed by BAGEL to incorporate information from both direct and indirect comparisons across the loop design, producing a posterior distribution describing the expression level in each sample ([@evs084-B78]). The number of genes exhibiting pairwise genetic differences by copper environment and responses to copper by genotype were identified, excluding open reading frames annotated as dubious genes. A highly conservative *P* \< 0.001 was invoked to identify differences in expression. An empirical expectation for the false positive rate was calculated by randomly shuffling the fluorescence ratios across genes for each hybridization and estimating the resulting number of false positives ([@evs084-B52]). For visualization of the data, reaction norms for each strain were plotted as the median of the BAGEL posterior distribution with error bars corresponding to the 95% credible interval. The BAGEL analysis procedure sets the lowest expressed sample to 1 so that the expression units on reaction norm plots represented fold change relative to the lowest measured sample. Power to detect significant differences in pair-wise comparisons was calculated as GEL~50~, the fold change at which there was an empirical 50% probability of calling a gene differentially expressed between samples ([@evs084-B78]).

When inferring the distribution of expression differences among pair-wise genetic comparisons of different strains in the same environment, and among pair-wise environmental comparisons of the same strain at different points along the copper reaction norm, we accounted for uncertainty in expression level by drawing 1,000 samples from the posterior distributions of each expression level and calculating the pair-wise difference distributions between all genetic and environmental comparisons. This procedure was performed on all genes, regardless of statistical significance, and also on the subset of genes demonstrating one or more statistically significant pair-wise differences among environmental and genetic comparisons.

To quantify the effects of genotype, environment, and gene-by-environment interaction in the dataset, we performed an ANOVA directly on the normalized fluorescence data using the R package MAANOVA ([@evs084-B89]). As in [@evs084-B44], two mixed-effects ANOVA models were applied to the normalized data successively. First, a model including Array as a random factor and Dye, Genotype, Environment, and Genotype by Environment as fixed factors was fit for all genes to identify genes demonstrating an interaction effect between strain and copper environment. In the second step, following the approach in [@evs084-B44], genes that exhibited no significant Genotype × Environment effect were analyzed using a model without any interaction effect to identify genes showing main effects of strain and copper environment alone. Tabulated *P* values were identified as statistically significant at a conservative *P* \< 0.001. Hierarchical clustering was performed for sets of genes identified via ANOVA as significantly different using the MATLAB clustergram function on the median values from BAGEL posterior distributions. Clusters of all genes showing a difference greater than 3× in any comparison were visualized in G, E, and G × E heat maps, with expression standardized by the population mean for each gene. Functional enrichments (*P \<*0.01) for gene clusters were identified using the Gene Ontology Term Finder (version 0.83) accessed at SGD in June 2012 ([@evs084-B1]). The magnitude of genetic variation for different transcriptional networks or functional categories of genes was assessed by calculating the linear Pearson correlation coefficient between pairs of individuals in each environment. The environment-specific correlation coefficient was calculated for Mac1-regulated genes (*n* = 7), Ace1-regulated genes (*n* = 5), Msn2/Msn4-regulated genes (*n* = 39), ESR-induced genes (*n* = 282), ESR-repressed genes (*n* = 585), and genes included in none of these categories (*n* = 5,075) and plotted as the mean pairwise correlation across strains.

Results
=======

Strains Varied in Their Growth Rate across Copper Concentrations
----------------------------------------------------------------

To map the extent and distribution of transcriptomic variation in environments of diverse copper exposure, five *S. cerevisiae*strains representing the genetic, ecological, and phenotypic breadth of the species ([@evs084-B49]; [@evs084-B82]) were cultivated in a range of copper concentrations in a medium mimicking grape must. Isolates showed clearly distinct abilities to maintain mitotic proliferation in a copper gradient, presumably reflecting their diverging evolutionary histories with respect to copper exposure ([fig. 1](#evs084-F1){ref-type="fig"}*a* and *b*). SK1 and UWOPS03-461.4 exhibited dramatic increases in population doubling time as a consequence of even marginal increases in copper concentration above base SWM, whereas L-1528 and Y55 exhibited more gradual loss of mitotic fitness at elevated copper concentrations. The haploid lab strain S288C was distinct in showing inferior mitotic performance in low copper concentrations, compared with other strains, but notable tolerance to high copper concentrations, resulting in a curiously flat dose-response curve considering the full copper gradient. F[ig]{.smallcaps}. 1.---Diverging fitness of yeast strains in a gradient of copper concentrations. (*a*) Population doubling times were estimated from high density growth curves (*n* = 2) and plotted as a function of copper concentration. Axes are on log~2~ scales. The *x* axis is modified to allow visualization of the no copper concentration. (*b*) Population growth curves (*n* = 2) of each strain in the five copper concentrations from which mRNA abundance was assayed. Extractions were performed at mid-log phase.

Standing Genetic and Environmental Variation of the Transcriptome
-----------------------------------------------------------------

### Pairwise Gene Expression Differences Are Extensive

Sampling transcriptomes in mid-exponential mitotic growth phase during exposure to five physiologically distinct concentrations of copper ([fig. 1](#evs084-F1){ref-type="fig"}*b*) yielded 5,450 reaction norms in all strains. A majority of genes in the genome exhibited a significant effect (*P \<*0.001) of either strain or environment: out of all measured genes, 4,219 genes (77%; 5.8% false positive rate) demonstrated at least one significant difference between any two strains in any one copper concentration, and 3,647 genes (67%; 4.2% false positive rate) demonstrated significant differences between any pair of copper environments for at least one strain ([fig. 2](#evs084-F2){ref-type="fig"}). The proportion of genetic differences identified within copper environments was nearly constant, with a small depression in the number of genetic differences identified in the moderate copper environment ([fig. 2](#evs084-F2){ref-type="fig"} and [supplementary table S3](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The number of genes demonstrating plastic expression in response to copper varied substantially between strains ([fig. 2](#evs084-F2){ref-type="fig"} and [supplementary table S2](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online) with SK1, a member of the West African population, showing the highest degree of expression plasticity. F[ig]{.smallcaps}. 2.---Percentages of genes exhibiting significant pair-wise differences in expression level. (*a*) Percentage of 4,219 genes exhibiting genetic differences within each copper environment. (*b*) Percentage of 3,647 genes exhibiting plasticity to copper within each strain. Hatched regions of each bar correspond to the 8% of plastic genes that are plastic across all strains.

The magnitude of variation revealed is in part due to the high power of the study: an analysis of the power to detect differences ([@evs084-B78]) indicated that our study yielded significant results for most fold-changes of 2× or higher applying the conservative criterion of *P \<*0.001 (with *P \<*0.05, GEL~50~ ∼1.5). Power to detect differences was equally distributed across genetic and environmental comparisons (GEL~50~: genetic 1.94; environmental 1.95). While 15% of genes exhibited a relative expression difference greater than 5×, the distribution of significant pair-wise expression differences for both genetic and environmental comparisons was highly skewed toward small magnitudes ([supplementary tables S4](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S5](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online, and [fig. 3](#evs084-F3){ref-type="fig"}). Although the magnitude of differences measured between strains were marginally larger than differences measured across copper reaction norms, the shape of the genetic and environmental distributions of differences were similar in their skew toward smaller magnitudes ([supplementary tables S4](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S5](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The gene expression differences between excess copper environments (0.1--1.0 mM Cu) were smaller than the gene expression differences between moderate and excess copper or copper depletion and excess (SWM to 0.1 mM, or --Cu to 0.25 mM; [supplementary table S4](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Excluding comparisons within copper excess, plastic expression differences were similar in magnitude to genetic expression differences ([supplementary tables S4](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S5](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The distributions of expression differences among strains were more uniform in magnitude, with one interesting exception: differences between copper environments for S288C were one-half of the magnitude of differences for other strains ([supplementary table S6](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), though the size distribution of S288C's pair-wise genetic differences to other strains remained in the range of other comparisons ([supplementary table S5](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Thus, overall 1) small differences dominated the expression difference frequency spectrum, 2) environments more similar in copper concentration exhibited smaller expression differences, 3) environments less similar in copper concentration exhibited expression differences approaching the magnitude of expression differences among strains, 4) the shape and skew of the distributions of magnitudes of expression differences for genetic and environmental differences were similar, and 5) S288C was an outlier in terms of its plastic response to copper, presumably reflecting its remarkable ability to maintain proliferation at elevated copper concentrations, but not in the magnitude of expression differences from other strains. F[ig]{.smallcaps}. 3.---Magnitudes of pair-wise gene expression differences. (*a*) Magnitudes of significant (solid) and nonsignificant (hatched) genetic differences in expression. (*b*) Magnitudes of significant (solid) and nonsignificant (hatched) plastic differences in expression.

### Gene Expression Reaction Norms Exhibit Diverse Patterns

Overall, G × E effects were rampant. The categorical ANOVA including genotype, environment, and G × E as fixed factors, identified 1,606 genes demonstrating a significant interaction between copper environment and genotype (G × E; *P* \< 0.001). ANOVA without the interaction term, as in [@evs084-B44], yielded an additional 729 genes with a significant effect of genotype alone (G), 114 genes with an effect of environment alone (E), and 60 genes with independent effects of both genotype and environment (G, E; *P \<*0.001). G × E effects remained pervasive also when restricting attention to the set of genes that are highly differentially expressed (\>3-fold). Among these genes, 413 exhibited a significant effect of genotype alone (G; [fig. 4](#evs084-F4){ref-type="fig"}*a*), 52 exhibited an effect of environment alone (E; [fig. 4](#evs084-F4){ref-type="fig"}*b*), and 42 exhibited independent effects of genotype and environment (G, E, not shown; *P \<*0.001). Many more genes (874) demonstrated a significant interaction between copper environment and genotype (G × E; *P* \< 0.001; [fig. 4](#evs084-F4){ref-type="fig"}*c*). F[ig]{.smallcaps}. 4.---Hierarchical clustering of highly expressed genes identified as exhibiting significant genetic, environmental, and gene-by-environment effects. Gene effects were classified by ANOVA. Gene expression levels were estimated by BAGEL and filtered to retain highly differentially expressed genes (\>3×fold change), whose annotated status was not dubious. High expression is depicted in red, mean expression across all measured genotypes and conditions is depicted in black, and low expression is depicted in green. Color intensity is scaled by units of gene-specific standard devation. Clusters are annotated at the right with characteristic GO category functional enrichments ([supplementary file S1](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). (*a*) Genes exhibiting effects of genotype. Expression within each strain is diagrammed in vertical blocks, within which expression is ordered by increasing copper. (*b*) Genes exhibiting an effect of environment. Expression within each copper concentration is diagrammed in vertical blocks, within which expression is ordered by strain in the same order as panel a. (*c*) Genes exhibiting gene-by-environment interaction. Expression within each strain is diagrammed in vertical blocks, within which expression is ordered by increasing copper.

Hierarchical clustering of the highly differentially expressed genes with an effect of genotype alone identified clear, strain-specific patterns of expression ([fig. 4](#evs084-F4){ref-type="fig"}*a* and [supplementary fig. S2](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The associated lists of genes were significantly enriched for numerous specific functional categories ([supplementary file S1](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The largest cluster (163 genes) exhibited the least plastic response to copper and distinguished S288C ([supplementary fig. S2](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). It was enriched for processes including retrotransposition and reproduction, consistent with S288C's haploid status and abundance of transposons ([@evs084-B12]; [@evs084-B49]; [@evs084-B46]). The UWOPS strain, SK1, and L-1528 exhibited uniquely high expression for clusters of 33, 20, and 65 genes, respectively, with no functional enrichments ([supplementary fig. S2*a--c*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Sixty-two genes highly expressed by both SK1 and the UWOPS strain exhibited especially high expression in the high copper concentrations; some of these genes were also highly expressed in -Cu by the UWOPS strain. This cluster was enriched for genes functioning in the proteasome complex and assembly (*BLM10, ECM29, RPN2, RPT5, RPT4*; [supplementary fig. S2*d*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [*e*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Y55 exhibited high expression of a cluster of 77 genes enriched for thiamine biosynthesis, amino acid metabolism, and maltose metabolism ([supplementary figs. S2*f--h*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S7](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The 10--60× upregulation of the maltase enzymes *IMA1-4, MAL12*, and *MAL32* and maltose permease *MAL31* distinguished Y55 from other strains ([supplementary fig. S2*f--h*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), potentially reflecting high gene copy number, commonly observed for *MAL* loci in domesticated yeasts ([@evs084-B8]).

Hierarchical clustering of the 52 highly differentially expressed genes exhibiting environmental differences, regardless of genotype, identified common responses across strains to specific copper environments ([fig. 4](#evs084-F4){ref-type="fig"}*b* and [supplementary fig. S3](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). This cluster was primarily driven by elevated expression in the absence of copper, as exemplified by upregulation of high affinity copper transporters ([fig. 5](#evs084-F5){ref-type="fig"}*a* and *b*). A pattern of strain-specific gene expression across moderate copper and excess copper environments was discernible, although not statistically significant by categorical ANOVA. Genes upregulated in the absence of copper for all strains, except S288C, formed a distinct cluster enriched for genes involved in copper ion import and oxidoreductase activity. This cluster divided into two sub-clusters of 15 and 9 genes, each distinguished primarily by induction of either SK1 or UWOPS strain alleles during copper starvation ([supplementary fig. S3](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The SK1 subcluster was highly enriched for genes involved in amino acid biosynthesis, whereas the UWOPS subcluster was enriched for genes with oxidoreductase activity, including high expression of genes *ERG27, FRE1, HMX1, TRR1,*and *ZWF1.* F[ig]{.smallcaps}. 5.---Expression reaction norms for genes with direct functions in the copper regulon. For each reaction norm, copper concentration is on the *x* axis, which is scaled by ¼ power to facilitate visualization of all five points on a convenient scale. The *y* axis is expression level relative to the lowest observed expression. Points plotted are the median of the posterior distribution. Error bars represent the 95% credible interval. Genes involved in copper uptake and import were highly expressed at low copper concentrations, including high affinity copper transporters (*a*) Ctr1 and (*b*) Ctr3. Genes involved in mediating copper toxicity were highly expressed at high copper concentrations, including metallothionein-encoding (*c*) *Cup1* and (*d*) *Crs5*.

Hierarchical clustering of the 874 highly differentially expressed genes demonstrating a statistically significant G × E effect identified strain-specific responses of functional modules to changes in copper. Cytoplasmic ribosomal genes exhibited coordinated expression across a cluster of 151 genes. The magnitude of differential expression for these genes was small. The highest average expression for a gene in the ribosomal cluster was 4.6× differential expression compared with 10× to 50× differential expression for other G × E clusters. Reaction norms within this cluster were highly stereotyped by strain, consistent with a high degree of co-regulation of these genes, but varied across strains ([supplementary fig. S4*a*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [*b*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). High ribosomal gene expression for haploid S288C was consistent with higher ribosomal expression in haploid than autodiploid yeast ([@evs084-B34]). A cluster of 170 genes was highly enriched for functions related to aerobic respiration and the mitochondrial electron transport chain. This cluster also included genes with functions in cell cycle regulation (*ASE1, IME1, RIM4, SDS22, SDS23,* and *YHR122W*), protein trafficking and degradation (*ATG1, BTN2, FUN19, GYP7,* and *JID1*), and stress response (*ACE1, BSD2, CRS5, GAC1, HSP42, RAD54, SKO1, STI, SSA3, UFD4, UBX6,* and *UBP3*). The dominant pattern of strong upregulation in SK1, moderate upregulation in the UWOPS strain, limited expression in L-1528, and constitutively low expression in strains Y55 and S288C exemplified the high degree of G × E in this cluster ([supplementary fig. S4*c--e*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Genes highly expressed in the UWOPS strain in 0.1 mM Cu, were enriched for proteasomal functions, as in the UWOPS03-461.4 and SK1 genetic cluster ([supplementary fig. S4*f--i*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). G × E in this cluster included genes having functions in stress response (*ADD37, CRH1, CRG1, DAK2, GRE2, HSP10, SLT2, TOS8,* and *YPS6*), the unfolded protein response and membrane maintenance and trafficking (*CCT3, CCT8, GET3, KEX2, PRE3, PRE4, PRE9, TCP1, UMP1,* and *YPS5*). L-1528 exhibited abundant expression of a set of 103 genes enriched for processes including sugar transport and carbohydrate metabolism in moderate copper, whereas other strains exhibited variable expression for these genes ([supplementary fig. S4*j--l*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Membrane-localized transport and stress response genes (*AIM19, HSP30, INN1, PUT4, SFK1, SOD2, SKN1, SSU1,* and *WSC4*; [supplementary figs. S8*b*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S9*c*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online) were similarly upregulated in L-1528 and enriched in this cluster; genes involved in allantoin degradation (*AIM19, DUR1,2,* and *DUR3*; [supplementary fig. S8*a*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online) also exhibited high expression in this cluster. Genes extremely expressed in moderate copper for SK1, constitutively meagerly expressed in S288C, and variably expressed in other strains grouped into a cluster of 102 genes enriched for GO categories including nitrogen compound transport, amino acid catabolism, and thiamine metabolism. Those genes involved in thiamine biosynthesis and metabolism (*THI2, THI5, THI11, THI13, THI22,* and *PET18*) and nitrogen compound transport (*CAN1, DAL4, DAL5, FCY2, NRT1, THI7, THI72, TPO4,* and *UGA4*) were among the most highly expressed in this study ([supplementary figs. S7](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S8](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Genes clustered by expression in --Cu for the UWOPS strain, Y55, and L-1528 exhibited strikingly distinctive reaction norms by strain: abundant expression in --Cu for the UWOPS strain, Y55, and L-1528, downregulation in SWM for the UWOPS strain and L-1528, followed by increasing expression for 0.1 mM Cu and above for the UWOPS strain and SK1. Genes with these distinctive reaction norms exhibited dramatic functional enrichments for amino acid biosynthesis, particularly sulfur-containing amino acid biosynthesis ([fig. 6](#evs084-F6){ref-type="fig"}), as well as extremely high levels of expression (mean gene expression up to 50-fold). Overall, G × E was abundant and frequently large in magnitude, presenting a pattern in which different genetic backgrounds responded to fluctuations in copper exposure through alterations of distinct transcriptional programs. Moreover, G × E was not restricted to functional categories associated with copper, but extended to functional categories affecting diverse aspects of cellular physiology. F[ig]{.smallcaps}. 6.---Gene expression reaction norms for genes involved in synthesis of cysteine and glutathione and the methyl cycle. For each reaction norm, copper concentration is on the *x* axis, which is scaled by ¼ power to facilitate visualization of all five points on a convenient scale. The *y* axis is expression level relative to the lowest observed expression. Points plotted are the median of the posterior distribution. Error bars represent the 95% credible interval. Genes in thiol redox control and sulfur amino acid biosynthesis pathways are variably upregulated in high and low copper compared with intermediate, including (*a*) *Cys4*, (*b*) *Cys3*, (*c*) *Gsh1* (rate-limiting), (*d*) *Met6*, (*e*) *Sam1*, and (*f*) *Sam2*.

### ESR Genes Exhibit High G × E

ESR genes, defined by their coherent response to a wide variety of environmental shifts in S288C, were particularly prone to exhibit genetic variation in their response to copper across other strains. Of genes with a significant ANOVA effect, ESR genes showed a higher proportion of G × E (ESR induced: 74% and ESR repressed: 78%) than G (25% and12%, respectively) or E effects (4% and 9%).

Standing Genetic and Environmental Variation
--------------------------------------------

### The Copper Regulon Responds Consistently Across Strains

Copper regulon genes were highly plastic, consistent with the well-studied molecular biology of the gene expression response of laboratory yeast to copper starvation and overdose ([@evs084-B45]). We observed high expression of genes responding to copper depletion and copper-dependent iron depletion in the --Cu condition, particularly for downstream targets of the nutritional copper transcription factor Mac1 ([@evs084-B35]). The well-documented upregulation of copper transporter genes *CTR1* and *CTR3* by Mac1 in low copper ([@evs084-B42]) was consistent across strains ([fig. 5](#evs084-F5){ref-type="fig"}*a* and *b*) with the sole exception of the lack of response in S288C's *CTR3*, which is known to possess an inactivating Ty2 transposon ([@evs084-B38]). The cupric reductase genes *FRE1* and *FRE7*, also regulated by Mac1, tended to be more highly expressed in --Cu than SWM, though to varying extent in different genetic backgrounds. These four targets of Mac1 possess two perfect consensus sites in their promoter region for binding of the transcription factor; two other genes, *IRC7* and *REE1*, with one perfect consensus Mac1 binding site each, have previously been reported to respond to low copper ([@evs084-B23]). *REE1* was one of the few genes not captured in this study, but expression of the beta lyase *IRC7* showed upregulation in --Cu compared to SWM or 0.1 mM Cu for all diploid strains with particularly high expression in SK1. Mac1 has also been shown to be necessary, but not sufficient, for expression of catalase gene *CTT1*, whose expression was consistently low in --Cu across all strains, likely due to repression of its heme-dependent transcriptional activator Hap1 under iron deprivation ([@evs084-B25]), but more variable at higher copper concentrations. Similarly, genes downstream of the transcription factor responding to copper toxicity Ace1 ([@evs084-B72]) tended to be highly expressed in high copper concentrations ([fig. 5](#evs084-F5){ref-type="fig"}*c* and *d*). *CUP1* was highly upregulated by all strains in at least one high copper environment: across the two probes measuring the message of this duplicated gene, *CUP1* exhibited 5- to 33-fold and 35- to 106-fold upregulation in high copper. The metallothionein *CRS5,* known to be a less effective chelator of copper than *CUP1* ([@evs084-B32]), was less upregulated, but showed significant increases for all strains, except for the UWOPS isolate. The post-transcriptionally regulated gene for superoxide dismutase *SOD1* ([@evs084-B9]), exhibited significant increases for all strains except S288C and Y55.

Among these highly and consistently expressed members of the copper regulon, the genetic variance for expression level across strains scaled with the magnitude of expression. Thus, genetic variance in expression level was quite high in some cases even when all strains demonstrated the same qualitative response. However, the direction of regulation for plastic responses was highly uniform for genes regulated by copper-binding transcription factors in the relevant environment ([fig. 5](#evs084-F5){ref-type="fig"}) and more variable for genes involved in metabolism ([fig. 7](#evs084-F7){ref-type="fig"}). The qualitative similarity of the response of different strains to the same range of copper was captured by the pairwise correlations between strains compared within environments. F[ig]{.smallcaps}. 7.---Expression reaction norms for selected genes indirectly responding to copper. For each reaction norm, copper concentration is on the *x* axis, which is scaled by ¼ power to facilitate visualization of all five points on a convenient scale. The *y* axis is expression level relative to the lowest observed expression. Points plotted are the median of the posterior distribution. Error bars represent the 95% credible interval. Genes involved in copper-independent iron uptake (*a*) *Fit1*, encoding a siderophore-iron retaining mannoprotein, and (*b*) *Enb1*, encoding a ferric enterobactin transporter, exhibited strong upregulation of expression at low copper concentrations in some strains. (*c*) Non-essential gene *Yah1*, which encodes a mitochondrial ferredoxin and requires iron as a cofactor, exhibited marked downregulation in low copper in some strains. (*d*) *Grx6*, encoding a monothiol glutaredoxin that helps to cope with oxidative stress, exhibits diverse reaction norms in each strain, whereas oxidative stress gene (*e*) *Ssa3*, encoding an Hsp70-family ATPase, and membrane stress gene (*f*) *Ino1*, encoding a phospholipid bioynthesis gene, exhibit strong upregulation in high copper in some strains. Nitrogen catabolite repressed genes involved in amino acid biosynthesis are upregulated to differing degrees in differing strains in intermediate copper, including (*g*) *Can1*, encoding a plasma membrane arginine permease and (*h*) *Thi20*, encoding a protein functioning in thiamine metabolism.

### Correlation of Gene Expression across Individuals Is Higher in Environments Relevant to Pathway Function

Within pathways, expression across strains was more correlated in the environments in which the genes had associated function ([fig. 8](#evs084-F8){ref-type="fig"}). For example, expression levels of genes regulated by the nutritional copper transcription factor Mac1 (*CTR1, CTR3, FRE1,* and *FRE7*) were more correlated across strains in --Cu (mean Pearson's *r* = 0.79) than in higher copper concentrations (−0.24 \< *r* \< 0.10). In contrast, genes regulated by the copper toxicity transcription factor Ace1 (*CUP1-1, CUP1-2, CRS5,* and *SOD1*) were correlated in environments of moderate copper and excess (*r* ≥ 0.96), but only weakly so in --Cu (*r* = 0.27). Likewise, expression of genes regulated by ESR-induced general stress responsive transcription factors Msn2/Msn4 exhibited high correlations in copper excess (*r* \> 0.84). Expression of all ESR-induced genes exhibited similarly high correlation in excess copper (*r* \> 0.67) and also a moderate correlation in --Cu (*r* = 0.59), consistent with the action of the ESR in accommodating stressful conditions. Interestingly, the subset of Msn2/Msn4-regulated genes exhibited lower correlation in expression in the putatively stressful copper-depleted environment (*r* = 0.34). The expression of genes repressed in the ESR was less correlated among strains in copper stress (0.44*\< r* \< 0.53) and was approximately equal in magnitude to the mean genome-wide correlations among genes not involved in the copper regulon or ESR (mean copper stress *r* = 0.42). Overall, gene expression within these functional categories was most similar among strains for environments most relevant to their function. F[ig]{.smallcaps}. 8.---Copper-regulated and stress-responsive gene networks exhibit correlated expression among strains in environments where the networks are functionally important and highly expressed. Mean network correlation was calculated by averaging the gene-specific Pearson correlations among individuals for Mac1-regulated genes (*n* = 7), Ace1-regulated genes (*n* = 5), Msn2/Msn4-regulated genes (*n* = 39), ESR-induced genes (*n* = 282), ESR-repressed genes (*n* = 585), and genes included in none of these categories (*n* = 5,075). Mean correlations are plotted across environments, with copper concentration increasing from left to right for each network.

Reaction Norms Exhibit Common Responses for Copper and Stress-Regulated Genes and Diverse Responses for Genes Indirectly Affected by Copper Environment
-------------------------------------------------------------------------------------------------------------------------------------------------------

While strains exhibited correlated and consistent *Mac1, Ace1,* and *Msn2/Msn4* regulation, they showed uncorrelated, but consistent, functional responses across pathways. For example, in --Cu strains responded to the iron deprivation triggered by copper deficiency by regulating expression to conserve iron in varied ways. In 0.1 mM Cu and above, strains responded to the oxidative stress of excess copper by upregulating diverse oxidative stress response and cell wall repair genes. In SWM, strains responded to the challenge of fast growth with diverse regulation of amino acid catabolism and thiamine synthesis and import genes.

### Copper Starvation Leads to Iron Deprivation, Which Is Dealt With Differently Across Strains

Induction of Mac1-regulated genes indicated that copper depletion triggered copper starvation in all strains ([fig. 5](#evs084-F5){ref-type="fig"}*a* and *b*). Major shifts in iron metabolism indicated complex, strain-specific patterns of iron conservation in response to this copper starvation with correlated changes in energy metabolism and patterns of amino acid synthesis. While copper-dependent iron import genes *FTR1* and *FET3* tended to be uniformly downregulated under copper deprivation, strains exhibited variable upregulation of genes functioning in copper-independent iron import via acquisition and retention of siderophore-bound iron chelates (*ARN2, ARN3, ENB1,* and *FIT1*; [fig. 7](#evs084-F7){ref-type="fig"}*a* and *b*). Under copper deprivation, strains also demonstrated individualized metabolic re-routing away from nonessential enzymes possessing iron--sulfur clusters ([fig. 7](#evs084-F7){ref-type="fig"}*c* and *d* and [supplementary table S7*a*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online) and preferentially expressed alternative metabolic pathways requiring less iron for glutamate synthesis ([supplementary fig. S5*a*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) vs. [supplementary fig. S5*b*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [*c*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), consistent with previous descriptions of expression responses to iron deprivation ([@evs084-B60]; [@evs084-B80]; [@evs084-B66]). Genes encoding heme dependent or heme biosynthetic functions were also variably expressed across strains, but tended to be significantly downregulated in --Cu ([supplementary table S7*b*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [fig. S6](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Likewise, *ACO1, KGD1, KGD2, SDH4,*and *RIP1* genes involved in the iron-demanding TCA cycle and oxidative respiration were differentially expressed across strains but tended to be downregulated with decreasing copper ([fig. 8](#evs084-F8){ref-type="fig"}*b* and *c*). In parallel, expression of fermentation-specific isozymes *ALD6, GDH1, GND1, HXK2,*and *TKL1* in --Cu for strains L-1528, SK1, and Y55 suggested these strains conserved iron in part by transitioning to fermentation-dominated respiration ([supplementary fig. S10](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). These patterns of functional similarities in iron conservation across strains with variation in the magnitude and identity of genes responding by strain for genes involved in energy metabolism were paralleled by variable upregulation of many amino acid synthesis genes in --Cu ([supplementary table S8](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), particularly induction of FeS-containing essential amino acid synthesis genes *LEU1, MET5,* and *MET8* ([supplementary fig. S5*d--f*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online).

### Copper Overdose Leads to Oxidative and Cell Wall Stress, Which Is Dealt with Differently Across Strains

In addition to the canonical Ace1-regulated copper response common to all isolates, strains also responded to increasing copper toxicity by strain-specific upregulation of genes maintaining homeostasis under oxidative stress ([supplementary fig. S9](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). The number of genes upregulated and their magnitude of upregulation varied across strains; for instance, SK1 exhibited particularly abundant expression of genes involved in coping with the consequences of copper toxicity. SK1 is also homozygous for the *CUP1* "low" allele, which is functional but lacks the tandem duplications found in many strains from the wine/European and Sake populations ([@evs084-B86]; [@evs084-B82]). The upregulated stress response genes, particularly highly expressed in SK1, included heat shock proteins, chaperones, and oxidative and osmotic stress response genes ([supplementary fig. S9](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). At the two highest copper concentrations, this variable upregulation extended to genes with roles in cell wall maintenance and resistance to pH stress ([supplementary fig. S9*e--g*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online).

### Even in Moderate Copper, Strains Exhibit Differences in Expression

In SWM, strains directed expression toward growth rather than stress response, including investment in acquisition of necessary nitrogen and thiamine for fast growth, through largely individualized regulatory responses. Y55 showed the highest expression of thiamine biosynthesis genes in SWM and neighboring environments, whereas SK1 demonstrated abundant expression of thiamine import genes ([supplementary fig. S7](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Strains SK1, UWOPS03-461.4, and L-1528 indicated exhaustion of assimilable nitrogen by upregulating expression of nitrogen-catabolism-repressed (NCR) and allantoin degradation genes in SWM, the latter despite the absence of allantoin in the medium, whereas S288C and Y55 showed less dynamic regulation of these nitrogen acquisition pathways ([supplementary figs. S5*g*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S8](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Among these strains dynamically regulating nitrogen, SK1 dramatically upregulated expression of allantoin import and degradation genes, particularly early in the pathway, whereas L-1528 showed abundant expression of urea amidolyase Dur1,2 ([supplementary fig. S8*a*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). These strains also differentially regulated NCR genes at different positions in the proline and arginine utilization pathways ([supplementary fig. S8*b*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [*c*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Finally, strain-specific variation was evident in genes of the Ehrlich pathway, which degrades the reaction products of branched chain amino acid catabolism ([supplementary fig. S11](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Overall, these alternate genetic responses to a rapid-growth environment demonstrated that genetic variation was not limited to copper stress conditions.

Discussion
==========

We have examined relative mRNA abundance for a cross-section of *S. cerevisiae* population variation across a finer gradient of copper than previously measured and revealed more expression plasticity to copper than previously reported ([@evs084-B23]; [@evs084-B17]; [@evs084-B80]; [@evs084-B33]). The vast majority of plastic responses across copper gene expression reaction norms exhibited genetic variation (G × E: 29% of the transcriptome vs. E alone: 2%). Likewise, more than twice as many genes showed genetic variation in copper response as showed genetic variation independent of copper (G × E: 29% of the transcriptome vs. G alone: 13%) in agreement with previous observations of fermentation expression reaction norms ([@evs084-B44]). Pairwise differences were even more extensive: 77% of the measured transcriptome exhibited a significant difference among at least two strains measured in a common copper environment, whereas 67% exhibited a response to copper across the reaction norm of at least one strain. The extensive population variation captured here compared with previous copper gene expression studies results from a highly powered assay of multiple points along the population reaction norm and represents both direct expression responses to the copper gradient mediated by genetic background and indirect expression responses resulting from differential growth effects of copper across strains. In capturing both copper-specific and growth-related differences among strains, these results reflect a range of phenotypic variation expressed by natural populations encountering a common set of environmental challenges.

The distribution of genetic and environmental differences measured across these isolates adds another observation to the general pattern that intraspecific population variation for mRNA abundance is dominated by differences that are small in magnitude. In this work, slightly fewer differences were observed among copper environments overall than between genotypes, and differences between samples from the same genotypes compared among high copper treatments particularly showed fewer and smaller differences ([supplementary tables S2](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S4](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), consistent with greater similarity in functional response or intracellular context among cells all experiencing copper overdose. The intraspecific abundance of small magnitude variation could be a consequence of a skewed mutational distribution, selection against large expression differences, or homogenization of population variation by genetic drift. A high frequency of small gene expression differences is consistent with the observation of abundant intraspecific *trans* regulatory variation, which is, on average, more mutationally available, smaller in magnitude, more frequently recessive, and associated with plasticity than *cis* regulatory variation ([@evs084-B44]; [@evs084-B47]; [@evs084-B88]; [@evs084-B24]).

Gene deletion experiments and functional assays predict that copper regulator Ace1 is necessary in high copper concentrations ([@evs084-B19]; [@evs084-B87]; [@evs084-B27]). If proliferation during exposure to stressful environments such as high copper concentrations is critical to persistence of *S. cerevisiae* isolates, even rare exposure might be expected to select for common expression responses within the population for adaptively plastic genes like the copper regulon. In agreement with this prediction, we observe higher correlations among strains for expression of stress-regulated gene networks in the environments where those networks are predicted to have the greatest impact on fitness. For example, Mac1 targets exhibited correlated expression across strains in the copper-starved environments, but not in copper-sufficient environments, whereas Ace1 targets exhibited correlated behavior among strains in moderate to high copper environments, but not in low copper ([fig. 8](#evs084-F8){ref-type="fig"}). The ESR as a whole also showed more similar expression in the two environments of copper stress than it did in moderate copper conditions. In contrast, genes with no stress-response annotation showed a higher degree of population consistency in moderate copper. These observations suggest that the strength of selection as well as the frequency with which plastic gene networks are induced is likely to influence the degree of population variation maintained for plastic traits.

Though copper stress-responsive genes were more correlated among strains in their inducing than noninducing environments, they still exhibited variation in the magnitude of expression for these genes that was potentially linked with their difference in growth. Growth variation among isolates implied some to be better able to maintain mitotic proliferation under fluctuating copper exposure than others. Variation in expression of genes important for reproduction in nonoptimal conditions may be particularly likely to contribute to population G × E as genetic backgrounds lacking sufficient stress protection may experience the same environmental context as a more severe stress. For example, in high copper concentrations strains UWOPS03-461.4 and SK1 exhibited the lowest expression of the metallothionein *CUP1*, the principle cellular copper-sequestering mechanism, of the diploid strains ([fig. 5](#evs084-F5){ref-type="fig"}*c* and *d*), likely because they possess the fewest copies of this tandemly duplicated gene ([@evs084-B82]). These *CUP1*-poor strains exhibited increasing expression of genes characteristic of oxidative respiration in high copper concentrations, including genes involved in electron transport, aerobic respiration, general mitochondrial activity, and response to oxidative stress. Recent expression studies of auxotrophic mutants growing under nutrient limitation suggests induction of these genes increases survival under oxidative stress, but that nonrespiratory functions of the regulatory cascade confers most of the survival benefit ([@evs084-B57]). Thus, the lower relative induction of *CUP1* in UWOPS03-461.4 and SK1 compared with Y55 and L-1528 in high copper may have necessitated an extensive, protective transition to slower growth and largely oxidative respiration for these strains, even in the presence of high glucose concentrations. Conversely, diploid strains Y55 and L-1528 exhibited higher *CUP1* expression and less severe growth inhibition in high copper concentrations. These two strains also exhibited fewer plastic genes in response to copper than SK1 or UWOPS03-461.4, potentially as the product of a less perturbed genome-wide state. These observations support the idea that expression variation for plastic genes that are key to survival, even in a restricted range of environments, can have broad-ranging impacts on both genome-wide gene expression and growth rate.

Population variation for plasticity included many genes other than *CUP1*, both those that responded directly to copper stresses and those that were indirectly influenced by the cascading downstream effects of changed copper. Some genes exhibiting differential plasticity among strains appeared to reflect parallel functional responses by different genetic backgrounds to the same form of stress. In other cases, strains appear to exhibit functionally different responses to the same range of copper environments. Below, we summarize these broad patterns of plasticity, the metabolic responses to copper they imply, and the extensive differences between strains in plastic gene expression.

Copper Environment Influences Diverse Aspects of Cellular Redox Balance and Metabolism
--------------------------------------------------------------------------------------

Gene expression in environments corresponding to copper starvation, fast growth in wine must, and copper toxicity were distinguished not only by changes in the expression of copper homeostasis genes but also by changes in the expression of genes that maintain oxidoreductive balance and regulate nutrient flux. Among the genes known to be directly regulated by binding of copper ions to copper-responsive transcription factors, the increase of copper from absence to toxicity caused a well-characterized shift from a transcriptional program of extracellular copper scavenging by copper transporters to one of intracellular copper sequestration by metallothioneins ([@evs084-B23]; [@evs084-B80]). Interestingly, at both extremes of copper stress, sulfur metabolism genes manifested a pattern of high expression, suggesting that thiol redox activity helped to maintain cellular homeostasis in both copper starvation and excess. Beyond sulfur metabolism, the two copper extremes exhibited broad differences in expression profiles of genes involved in amino acid biosynthesis, oxidative stress, and cellular respiration. Moderate copper was largely characterized by patterns of nitrogen and thiamine depletion during fast growth, reflecting the relative scarcity of nitrogen relative to carbon in wine must.

The ensemble of sulfur amino acid synthesis reaction norms suggests that genome-wide patterns of gene expression are influenced by a complex interplay among copper, sulfur, and iron homeostasis that is strongly dependent on environmental context. The abundant expression of sulfur metabolism genes in high copper concentrations in our study is consistent with more than 50 years of experimental observations ([@evs084-B2]). In contrast, the implication of sulfur assimilation and amino acid biosynthesis genes in response to copper starvation is largely unique to this study (though see the unusual case of *IRC7* in ([@evs084-B23]). The extremely high expression of sulfur metabolism genes here (\>80× in some cases) may be due in part to the sparse supply of sulfur-containing amino acids cysteine and methionine in SWM compared with the more standard YPD ([@evs084-B6]). However, the role of the cysteine-derived antioxidant glutathione in iron--sulfur cluster maturation ([@evs084-B48]; [@evs084-B55]; [@evs084-B67]; [@evs084-B40]), and more generally the role of thiols in regulating redox balance in the cytosol ([@evs084-B50]), suggests a mechanism by which limiting copper leads to a higher demand for sulfur amino acid metabolism to maintain oxidoreductive balance. For high copper environments, the upregulation of sulfur amino acid metabolism ([@evs084-B23]; [@evs084-B14]; [@evs084-B17]) also seems likely to function in increasing production of glutathione ([@evs084-B53]; [@evs084-B15]) and controlling redox inactivation of iron--sulfur cluster containing proteins ([@evs084-B51]; [@evs084-B61]; [@evs084-B63]).

The link between expression responses to changing copper and sulfur amino acid metabolism, which may be mediated by iron--sulfur cluster proteins at both extremes, may reflect a broader genomic coupling of copper and iron homeostasis. Altered copper levels have been known to influence mRNA levels linked to iron availability in the yeast ([@evs084-B23]), in particular through a shift from copper-dependent to copper-independent mechanisms of iron import ([@evs084-B80]). Accordingly, deletion of *MAC1*, encoding the nutritional copper transcription factor, produces transcriptional conservation of iron through downregulation of proteins containing iron--sulfur clusters ([@evs084-B14]). In this study, diploid population isolates cultured in the absence of copper showed expression patterns consistent with even wider iron-sparing responses as previously observed under strict iron deprivation ([@evs084-B36]; [@evs084-B66]).

In addition to illustrating the direct impact of copper depletion on metalloprotein regulation, expression profiles from the environment of limiting copper also illustrated the broad-reaching downstream effects of copper absence on core metabolism. In particular, limitation in the availability of this single micronutrient appears to have affected major shifts in energy metabolism and amino acid biosynthesis, particularly those related to iron depletion. Expression of genes involved in fermentation for strains L-1528, SK1, and Y55 in --Cu indicates that these strains were performing mainly fermentation in the absence of copper ([supplementary fig. S10](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), as expected under iron limitation ([@evs084-B80]; [@evs084-B36]). Additionally, the upregulation of amino acid biosynthesis genes in --Cu paired with the requirement for Fe--S clusters in several essential biosynthetic enzymes (*ACO1, ILV3, LEU1, LYS1* and *MET5*) suggested that iron starvation triggered a shift in the general control of amino acid synthesis (as reviewed in [@evs084-B59]). In the course of this well-characterized regulatory shift, general protein translation is slowed, whereas translation of the transcriptional activator *Gcn4* is de-repressed, leading to globally increased expression of amino acid biosynthesis genes under conditions of nutrient starvation ([@evs084-B56]; [@evs084-B28]). Upregulation of *Gcn4* targets was evident in our dataset in the --Cu environment including upregulation of arginine, cysteine, histidine, leucine, lysine, methionine and serine biosynthesis genes, suggesting that copper starvation induced this altered regulatory state. Overall, strains varied widely in which iron-containing and amino acid biosynthesis genes were strongly regulated, but the global shift toward an iron-limited metabolism in which nonessential iron-requiring protein synthesis was suppressed, whereas fermentation and essential amino acid synthesis were induced was largely consistent across diploid strains ([supplementary table S7](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) and [S8](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online).

In contrast, high concentrations of copper consistently stimulated an expression program characterized by copper stress responses extending from copper sequestration to shifts in energy metabolism and amino acid usage. SK1 and UWOPS03-461.4 exhibited increasing expression of genes involved in oxidative respiration and the electron transport chain with increasing copper, whereas L-1528 expressed carbohydrate transport and catabolism genes enriched for the pentose phosphate shunt ([fig. 3](#evs084-F3){ref-type="fig"}*c* and [supplementary fig. S10](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Genes involved in the heat shock and oxidative stress responses as well as sulfur metabolism were also highly expressed across most diploid strains with some genetic variation in the magnitude of expression and reaction norm shape ([figs. 6](#evs084-F6){ref-type="fig"} and [7](#evs084-F7){ref-type="fig"}), consistent with a transition to largely oxidative respiration in high copper.

The dual roles of copper as both an essential micronutrient and as a toxic catalyst of undesirable reactions may contribute to the breadth of its effects on cellular metabolism. Nevertheless, copper is unlikely to be unique among environmental stimuli in the degree of plasticity it provokes. The breadth of the effects of copper concentration on genes functioning in processes from metal import and regulation to carbohydrate metabolism to amino acid usage in this study is consistent with copper concentration shifting the reductive and metabolic balance of yeast cells along a more universal continuum from fast fermentation to slower, stress-resistant oxidative respiration in a manner dependent on genetic background. Among the 65% of genes in the genome that were differentially expressed with changing copper, many genes likely responded indirectly to changes in growth rate or redox state rather than directly to the presence of copper ions, given the diversity of their functional annotations. Accordingly, a number of recent studies of growth rate and expression suggest that yeast cells integrate diverse signals from their internal and external environment to regulate their growth along this fermentation-respiration continuum to avoid nutrient starvation and survive environmental stresses ([@evs084-B7]; [@evs084-B22]; [@evs084-B69]). However, two complexities to this simple model are introduced by our results. The first is that transitions between fast growth and stress protection are subject to the particular constraints of the inducing environmental stress. For instance, in diploid strains L-1528, SK1, and Y55, the limited iron available in copper-starved conditions apparently produced a fermentative stress response in the lowest copper condition. Second, very few reaction norms demonstrated identical plasticity and magnitude of expression across strains: we observed significant genetic variation in the nature of the regulatory programs induced by changing copper and in the magnitude of their growth-associated shifts in metabolism due to copper exposure. Thus, a full account of population variation for gene expression is captured only by assaying a cross-section of both relevant environments and genetic variation.

Strains Exhibit Individualized Responses to Environmental Stresses
------------------------------------------------------------------

The population variation for gene expression suggested that differing genetic backgrounds respond to the same environmental stress via regulation of different molecular pathways. Reaction norms exhibiting strain-specific patterns of expression identified these functional differences in the responses of different strains to copper concentration. For example, West African strain UWOPS03-461.4 exhibited uniquely high expression of proteasome genes at intermediate copper concentrations, suggesting an upregulation of protein degradation as one response to the dramatic decrease in growth it exhibited to increasing copper ([fig. 4](#evs084-F4){ref-type="fig"}*a* and *c*). UWOPS03-461.4 also induced a number of enzyme isoforms characteristic of respiratory growth (*ALD4, GLK1, GND2* and *HXK1*), as well as the glycolysis genes *GND1* and *TKL1* in the lowest copper environment suggesting a mix of respirofermentative growth for this strain even in the presence of iron limitation ([supplementary fig. S10](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). In contrast, Y55 exhibited high expression of genes induced during fermentation for copper environments from --Cu to 0.25 mM Cu, suggesting a later transition to oxidative growth than other diploid strains, if at all ([supplementary fig. S10](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online). Y55 also demonstrated the consistently highest expression of amino acid biosynthesis genes among strains in --Cu, suggesting a more dramatic iron deprivation than exhibited by other strains ([fig. 6](#evs084-F6){ref-type="fig"}). L-1528 uniquely induced a large panel of sugar transport and carbohydrate catabolism genes, including genes enriched for roles in the pentose pathway ([fig. 3](#evs084-F3){ref-type="fig"}*c*), suggesting that L-1528 preferentially used the pentose pathway to reduce NADP under the oxidative stress of high copper ([@evs084-B39]). SK1 exhibited highest expression of genes responding to oxidative respiration and the electron transport chain in 1.0 mM Cu ([fig. 4](#evs084-F4){ref-type="fig"}*c* and [supplementary fig. S10](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online) and also highest expression of several stress responsive genes with diverse functions (including *BCY1, HSP26, HSP42, SSA3, SKO1,* and *SBA1*; [supplementary fig. S9*a--d*](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), potentially correlated with the strong growth inhibition exhibited by SK1 in high copper. Such intraspecies variation in response to stress may presage the accumulation of between-species differences in plasticity ([@evs084-B76]).

Environment-specific genetic variation was not confined to the extremes of copper stress. We observed substantial variability among strains in their responses to nitrogen and thiamine shortages imposed by exponential growth in SWM media. Population transcriptomic responses to growth in SWM were characteristic of nutrient limitation for thiamine and assimilable nitrogen, two commonly limiting components in grape must strongly influencing the kinetics of wine fermentation ([@evs084-B4]; [@evs084-B5]; [@evs084-B16]). These strains solved their nitrogen and thiamine needs using a slightly variable set of metabolic genes, including different members of the NCR genes ([@evs084-B71]) ([fig. 7](#evs084-F7){ref-type="fig"}*g* and [supplementary fig. S8](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online), the Ehrlich pathway ([@evs084-B26]) ([supplementary fig. S11](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online) and genes contributing to either thiamine import or synthesis ([fig. 7](#evs084-F7){ref-type="fig"}*h* and [supplementary fig. S7](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) online).

Population Transcriptomic Variation Also Includes Fixed Genetic Differences
---------------------------------------------------------------------------

Reaction norms exhibiting strain-specific patterns of expression also showed functional differences among the strains that were fixed with respect to copper. Most dramatic were the expression differences between haploid S288C and other diploids: S288C exhibited constant and high expression of 174 genes enriched for functions including retrotransposition and mating, characteristic of haploidy ([@evs084-B46]) and S288C's high transposon content ([@evs084-B12]; [@evs084-B49]). S288C was also distinct in its high expression of ribosomal genes in intermediate copper, consistent with their higher expression in haploids than diploids ([@evs084-B34]). Other reports demonstrate that the laboratory strain S288C diverges dramatically from other strains independently from ploidy status ([@evs084-B41]; [@evs084-B82]), and thus interpretation of the comparatively low expression and plasticity of S288C is challenging. High expression of isomaltases IMA1-4 and maltose catabolism genes *MAL12*, *MAL31*, and *MAL32* distinguished Y55 from other strains. The high rate of gene duplication and rapid divergence documented among subtelomeric *MAL* gene families suggests that the Y55 lineage examined might have recently acquired additional gene copies of these genes as previous analyses of *MAL* gene copy number among the five strains we studied would not have suggested the pattern of genetic differences we observed ([@evs084-B8]). Other genes highly expressed in Y55 compared with all other genotoypes included a group of genes functioning in thiamine metabolism.

By studying a fine gradient of copper at a high experimental power in multiple genetic contexts, we have captured a more fine-grained view of transcriptomic variation in *S. cerevisiae*in response to copper than previously available. We have shown different *S. cerevisiae* isolates to be distinct metabolic systems dynamically and differentially responding to the constraints of both the external environment and genetic context. The tremendous degree of genetic and environmental variability in expression and plasticity available from this restricted sample of *S. cerevisiae* diversity suggests a substantial potential for phenotypic drift in expression under neutral regimes and adaptive evolution under selective regimes in natural populations.
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[Supplementary file S1](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), [figures S1--S11](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1), and [tables S1--S8](http://gbe.oxfordjournals.org/cgi/content/full/evs084/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).

The raw and processed microarray data reported in this study are publically available at the Filamentous Fungal Gene Expression Database (FFGED Expt 45 <http://bioinfo.townsend.yale.edu/>).
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